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In this paper, we propose an innovative concept for solar power conversion—the “photon ratchet”
intermediate band solar cell (IBSC)—which may increase the photovoltaic energy conversion
efficiency of IBSCs by increasing the lifetime of charge carriers in the intermediate state. The
limiting efficiency calculation for this concept shows that the efficiency can be increased by
introducing a fast thermal transition of carriers into a non-emissive state. At 1 sun, the introduction
of a “ratchet band” results in an increase of efficiency from 46.8% to 48.5%, due to suppression of
entropy generation.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4731277]
A thermodynamic analysis by Shockley and Queisser
shows that the efficiency of photovoltaic energy conversion
of a single bandgap solar cell is fundamentally limited to
31.0% at 1 sun because of the broad spectral distribution of
solar radiation.1 Amongst other third generation solar cell
concepts,2,3 the intermediate band solar cell (IBSC) has been
proposed to overcome this limit by introducing a radiatively
efficient but electrically isolated band between the conduc-
tion band (CB) and valence band (VB), as shown in Fig.
1(a).4 The intermediate band (IB) allows additional photo-
current to be generated by the sequential absorption of two
sub-bandgap photons, which will otherwise be unabsorbed,
reducing below bandgap and thermalisation losses. In princi-
ple, by introducing the IB, the current can be enhanced with-
out greatly reducing the voltage, hence leading to higher
conversion efficiency. Thermodynamical modelling of the
IBSC shows that its limiting efficiency is increased signifi-
cantly over the Shockley-Queisser limit to 46.8% at 1 sun
and 63.2% at full concentration.4
A number of experimental studies on IBSCs have been
reported, including attempts with three-dimensional quantum
dot superlattices,5–7 impurity bands,8 and dilute semiconduc-
tor alloys.9 However, even though an increase in photocur-
rent has been observed in quantum dot IBSCs, they suffer
from a significant voltage loss resulting in low conversion ef-
ficiency.10,11 One of the main causes of the voltage reduction
in the IBSCs is due to the short lifetime of electrons in the in-
termediate states, which is caused by fast non-radiative
recombination.12 In these cells, radiative and non-radiative
recombination of carriers occurs before the two-photon
absorption can take place, and this leads to a reduction in the
quasi-Fermi level separation.13
Furthermore, it has been reported that the short-circuit
current of a real IBSC is strongly dependent on the occupa-
tion of the IB, since the number of intermediate states is lim-
ited.14 In order for photo-generation to occur, the lower state
must be occupied by an electron and the upper state must be
empty, and the strength of this transition is described by
absorption coefficient of photons at the energy.15 In a real
IBSC, the absorption coefficient for IB-CB transition
depends linearly on the occupation factor of the intermediate
states fIB, as aICfIB, where aIC is the absorption coefficient
constant for the transition, so a small occupation of the IB
leads to a small contribution to the short-circuit current from
the IB.
Hence, the cause of reduction in both open-circuit volt-
age and short-circuit current comes from the short lifetime
and small occupation factor of the IB. This implies that the
efficiency advantage offered by the IB concept can only be
realized if the lifetime in the IB state is increased to a point
where the sequential absorption process is effective.
In light of this, we propose the “photon ratchet” IBSC as
a means of enhancing efficiency through increasing the life-
time of the intermediate state. In order to enhance the effi-
ciency of IBSCs, a non-emissive “ratchet band (RB)” is
introduced at a small energy interval DE below the IB, as
shown in Fig. 1(b). If a fast thermal transition between the
IB and the ratchet band is assumed, then this energy drop,
DE, enables the rapid relaxation of carriers from the IB into
the ratchet band. Provided that the ratchet band is not
coupled radiatively to the VB, the lifetime of electrons in the
ratchet state can potentially be very long, thereby increasing
the IB-CB generation rate. At the same time, the photon
ratchet reduces the population of the IB, which, in turn,
reduces the recombination rate of the electrons from the IB
to the VB and increases the photocurrent of the solar cell,
leading to higher efficiency.
To evaluate the potential of this concept, here we pres-
ent the results of a limiting efficiency calculation. In the
model, strong optical transitions are assumed for all three
bandgaps: VB-CB, VB-IB, and IB-CB for a conventional
IBSC, as shown in Fig. 1(a), and VB-CB, VB-IB, and RB-
CB for a photon ratchet IBSC, as shown in Fig. 1(b). In both
cases, the carrier populations in each of the three bands are
described by the three corresponding quasi-Fermi levels and
since very fast equilibration between the IB and ratchet band
is assumed, a single quasi-Fermi level EF,IB describes the oc-
cupancy of both the ratchet band and the IB in the photon
ratchet IBSC. This leads to three quasi-Fermi level separa-
tions in the cell
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lVC ¼ EF;CB  EF;VB; (1)
lVI ¼ EF;IB  EF;VB; (2)
lIC ¼ EF;CB  EF;IB; (3)
where EF,CB, EF,VB, and EF,IB are quasi-Fermi levels for cor-
responding bands. The optical transition rates between the
bands are calculated in the radiative limit using the general-
ised Planck formalism.16,17 The generation rates Gi (where
the subscript i corresponds to each transition VC, VI, and IC
as shown in Fig. 1) are defined by the integration of the
blackbody spectrum of the sun, and they depend on the
absorptivity ai(E) of the corresponding bandgaps
Gi ¼ 2fsun
h3c2
ð1
0
aiðEÞ E
2dE
exp EkBTsun
 
 1
þ 2ðp fsunÞ
h3c2
ð1
0
aiðEÞ E
2dE
exp EkBTcell
 
 1
; (4)
The recombination rates Ri are
Ri ¼ 2fcell
h3c2
ð1
0
aiðEÞ E
2dE
exp
Eli
kBTcell
 
 1
; (5)
where fsun ¼ C 6:79 105 is the e´tendue of the incoming
radiation from sun, C is solar concentration ratio, fcell ¼ p
is the e´tendue of outgoing radiation from the cell, Tsun
¼ 6000 K is the temperature of the sun, and Tcell ¼ 300 K
is the temperature of the cell and the rest of the sky.
For the purpose of calculating the limiting efficiency,
the model assumes unity absorptivity, aiðEÞ ¼ 1, together
with good photon selectivity; i.e., there is no overlap
between absorption of any transitions aiðEÞ and the set of
aiðEÞ cover the whole solar spectrum.
In the model, conservation of charge carriers in the IB is
considered (Eq. (6)) along with the fact that the total quasi-
Fermi level splitting must be equal to the sum of the sub-
bandgap quasi-Fermi level splitting (Eq. (7)). The cell
voltage V is related to the total quasi-Fermi level splitting
as lVC ¼ qV and the current density J is calculated from
Eq. (8).
GVI  RVI ¼ RIC  GIC; (6)
qV ¼ lVC ¼ lVI þ lIC; (7)
J ¼ qðGVC  RVC þ GIC  RICÞ; (8)
where q is the electronic charge. Finally the total electrical
power generated by the cell is calculated as a product of the
voltage V and the corresponding current density J and hence
the conversion efficiency.
In Fig. 2, the globally optimised limiting efficiency of
the photon ratchet IBSC for various energy drops DE is plot-
ted at a range of solar concentrations. Although the energy
drop to the photon ratchet band DE is fundamentally a loss
in energy, a clear increase in efficiency can be seen as DE is
increased. At 1 sun illumination, the global optimisation
shows that the efficiency of the IBSC is increased from
46.8% (DE ¼ 0, conventional IBSC) to 48.5% with a photon
ratchet at DE of 270 meV.
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FIG. 2. Efficiency limit of photon ratchet IBSC of various concentration as
a function of DE. The efficiency is computed by global optimisation for a
given concentration and DE. Efficiency at DE¼ 0 corresponds to conven-
tional IBSCs.
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FIG. 1. (a) Energy diagram of a conventional IBSC, in which extra photocurrent is produced due to sequential absorption of sub-bandgap photons increasing
theoretical limit in the conversion efficiency. (b) Energy diagram of a “photon ratchet” IBSC. The photon ratchet band, ERB, is located at an energy interval
DE below the IB, EIB, and the thermal transition between the IB and the RB is assumed to be so rapid that the occupation of both bands can be described by
the single quasi-Fermi level. The charge carriers in the IB will quickly move to the RB where they may have a long lifetime since the RB is optically isolated
from the VB. Radiative generation rates are marked as Gi and radiative recombination rates are marked as Ri, where subscripts i¼VC, VI and IC indicate the
bandgap to which the transition corresponds. The occupation of each band is determined by the corresponding quasi-Fermi levels EF,j, where j¼CB, IB and
VB.
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To understand this counterintuitive result we first note
that the intermediate band solar cell is a constrained imple-
mentation of a 3-threshold photovoltaic device. Maximum
efficiency is always obtained with three, independent solar
cells with no constraint on cell voltage and current flow, giv-
ing the device the freedom to operate each sub-cell at its
maximum power point. As discussed earlier, the intermedi-
ate band solar cell is constrained in current and voltage (Eqs.
(6) and (7)), making it impossible to derive analytical
expressions for specific loss processes, as has been per-
formed for single junction and unconstrained multi-junction
stacks.18
The introduction of the ratchet band therefore affects all
of the recombination rates in the system and the generation
rates, GVI and GIC. Fig. 3(a) illustrates the variation in effi-
ciency and recombination rates RVI, RIC, and RVC at the
maximum power point as a function of ratchet band energy
DE. Maximum efficiency occurs when the rates RVI and RIC
are similar, at which point the total recombination rate RVI þ
RIC þ RVC is a minimum. For example, the efficiency of an
IBSC with fixed bandgaps ECB ¼ 2:10 eV and EIB ¼ 1:42 eV
at 1 sun is increased from 43.2% to 48.5% by introducing a
photon ratchet band of DE ¼ 270 meV. The ratchet inevita-
bly increases the below-bandgap and thermalisation losses
by a total of 2.4%, but the associated efficiency gain through
reduction in recombination is even larger at 7.7%, thus lead-
ing to a net efficiency increase of 5.3%. Hence, at 1-sun,
introducing the ratchet band lowers the overall recombina-
tion in the solar cell leading to a higher efficiency. What is
surprising is that efficiency of an optimum photon ratchet
IBSC surpasses that for an optimum IBSC. Fig. 3(b) shows
the same quantities at full concentration; here, we observe
that the introduction of the ratchet serves only to increase the
recombination rates in the solar cell.
The fundamental difference between a solar cell operat-
ing at full concentration and one at 1 sun is the presence of
the Boltzmann loss.18 At 1 sun, significant entropy genera-
tion will take place due to the mismatch between the e´ten-
dues of the restricted incident solar photons and the
isotropically emitted light, which was recently termed the
Boltzmann loss.18 This lowers the free energy of the elec-
trons and hence the maximum voltage at the cell terminals.
As illustrated in Fig. 3(a), at 1 sun, the introduction of the
ratchet band (and its associated loss) adjusts the otherwise
constrained recombination rates to a lower level, which, in
the presence of a significant Boltzmann loss, leads to higher
net efficiency. At full concentration, the Boltzmann loss is
absent, so while the introduction of the ratchet band enables
the recombination rates to be adjusted, the loss introduced by
the ratchet band cannot offset any other losses in the cell.
Since the intermediate band solar cell is composed of three
constrained and therefore coupled junctions, it is not possible
to uniquely identify a single loss mechanism that the intro-
duction of the ratchet affects, but it is clear from the results
in Figs. 2 and 3 that the effect of the ratchet is beneficial in
solar cells that have excessive and unnecessary entropy gen-
eration. A similar effect has been noted for single junction
solar cells where in a non-optimal solar cell, non-unity
absorptivity can lead to higher efficiency than unity
absorptivity.19
In addition to the fundamental benefit to introducing a
ratchet band, there are also practical advantages. The con-
ventional IBSC suffers from efficiency loss due to the short
lifetime and low occupation factor in the IB. Introducing the
ratchet serves to extend the lifetime of the intermediate band
and ensures that the two transitions GVI and GIC pump elec-
trons from occupied ground states into vacant excited states.
Hence, introducing a ratchet band is an important component
for realising efficient operation of a multi-band solar cell,
such as the IBSC.
In terms of implementing the photon ratchet IBSC, there
are a number of existing systems which are strong candi-
dates. Photon ratchet states can be separated in momentum
space by using an indirect bandgap semiconductor,20 where
electrons are first excited into a direct IB state, followed by a
relaxation down via phonon emission to an indirect photon
ratchet state, which is at lower energy and separated by mo-
mentum k from the IB state. Since the recombination from
the indirect photon ratchet state to the VB requires simulta-
neous multiple phonon emission, the radiative emission from
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FIG. 3. Efficiency of photon ratchet IBSC (solid black line) and recombination rates RVI (blue dashed line), RIC (red dash-dot line) and RVC (green dotted
line) as a function of DE at fixed bandgaps (a) ECB ¼ 2:10 eV and EIB ¼ 1:42 eV at 1 sun and (b) ECB ¼ 1:96 eV and EIB ¼ 1:24 eV at full concentration.
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the photon ratchet state is weak. A radiatively isolated state
can also be found in a molecular system as a triplet state,
where transition to singlet ground state is forbidden,21,22 and
in ferromagnetic compounds.23
In conclusion, we have proposed a photon ratchet IBSC
as a means of enhancing the efficiency of practical IBSC
devices by increasing the lifetime of the intermediate states.
The limiting efficiency calculation of this concept shows that
the photovoltaic energy conversion efficiency of IBSCs can
be enhanced by introducing a photon ratchet for operation
under anything less than full concentration, by reducing
unnecessary entropy generation through radiative emission.
The photon ratchet IBSC addresses the fundamental issues in
the IBSC, and it offers a route to a practical realisation of the
IBSC concept.
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